Affective memory Brain-derived neurotrophic factor Depression Rapid eye movement (REM) sleep Serotonin transporter A B S T R A C T Emotional memory may be modulated by BDNF Val66Met and 5-HTTLPR polymorphisms. However, the influence of these genetic variants on the overnight retention of emotional memories has not been investigated in humans. Thirty-six healthy female students were selected to participate in this study based on 5-HTTLPR genotype status (L'/L', L'/S', S'/S'). Participants were also genotyped for BDNF Val66Met (Val/Val, Met carriers). We measured recognition performance for positive, neutral and negative images before and after overnight sleep. We found a significant interaction between BDNF Val66Met genotype group and image valence on post-sleep recognition performance. This interaction was driven by greater memory for negative and positive images, relative to neutral images, in Met carriers. We also found that longer Rapid Eye Movement (REM) sleep duration predicted greater post-sleep recognition performance for negative images in Met carriers, but not in Val homozygotes. We observed no influence of 5-HTTLPR polymorphisms on post-sleep recognition performance for positive, neutral or negative images. Our findings support a modulatory role for BDNF Val66Met in overnight emotional memory retention in females. We discuss the implications of this finding for understanding the influence of BDNF Val66Met on depression vulnerability.
Introduction
A wealth of psychological research demonstrates that emotionally salient memories are better remembered than their neutral or mundane counterparts [1, 2] . This phenomenon is more robust when remembering occurs after several hours or days, as opposed to minutes [3] [4] [5] [6] [7] . These findings suggest that enhanced remembering of emotionally salient memories is mediated, at least in part, by the privileged consolidation of emotional memories [8] .
Sleep is centrally involved in memory consolidation processes [9] [10] [11] [12] . Importantly, sleep prioritises the consolidation of emotionally salient memories, relative to neutral memories [8, [13] [14] [15] [16] . Rapid Eye Movement (REM) sleep, in particular, plays an active and selective role in negative emotional memory consolidation [17] [18] [19] .
REM sleep is associated with increased activity in several limbic, paralimbic and cortical regions associated with waking emotional memory processing, including the amygdala, medial prefrontal cortex, and entorhinal cortex [20] [21] [22] . Coherence between these structures during REM sleep may reflect the processing and consolidation of emotional memories [23, 24] . REM sleep is thought to selectively consolidate memories which elicit amygdala activity during encoding [25, 26] . Indeed, several neuroimaging studies have demonstrated that emotional stimuli evokes a greater amygdala response than neutral stimuli [27] [28] [29] [30] .
Amygdala reactivity to negative emotional stimuli may be influenced by a common Variable Number Tandem Repeat (VNTR) polymorphism at site 5-HTTLPR in the SLC6A4 gene which codes for the 5-HT transporter. Specifically, carriers of the Short (S) allelic variant within the 5-HTTLPR, which is associated with decreased transcriptional efficiency of the promoter [31] , have been shown to exhibit greater amygdala reactivity to negative emotional faces [32] [33] [34] , and other threatening stimuli [35] , relative to Long (L) allele homozygotes. The 5-HTTLPR polymorphism has also been linked to fear conditioning in humans [36, 37] , suggesting an influence of the 5-HTTLPR on emotional memory [38] . However, to our knowledge, the effect of the 5-HTTLPR on the overnight retention of emotional memories has not yet been investigated. Given that the 5-HTTLPR influences amygdala reactivity to emotional stimuli [32] [33] [34] [35] , which is believed to modulate REM sleep-related emotional memory consolidation [25, 26] , it is plausible that the 5-HTTLPR may impact post-sleep recognition https://doi.org/10.1016/j.bbr.2018. 10 .015 Received 4 July 2018; Received in revised form 24 September 2018; Accepted 11 October 2018 performance for emotional memories encoded the previous evening.
Although most research linking emotional cognition to the 5-HTTLPR have compared groups of S allele carriers with non-carriers, S alleles may have additive effects on emotional reactivity in homozygotes. Indeed, individuals homozygous for the S allele have been shown to exhibit greater emotional reactivity to a laboratory stressor [39] , and are more likely to become depressed in response to stressful life events [40] , than heterozygotes and L allele homozygotes.
Besides SLC6A4, another gene that may influence the overnight retention of emotional memories is the Brain-Derived Neurotrophic Factor (BDNF) gene, which encodes the BDNF protein.
A recent study in rats demonstrated that BDNF, along with other genes which play key roles in long-term synaptic plasticity, is upregulated in the hippocampus during REM sleep [41] . Specifically, it was shown that BDNF expression in regions of the ventral and dorsal hippocampus more than doubled during rebound REM sleep in REM sleep deprived rats, relative to typical REM sleep in control animals. BDNF expression in the amygdala and hippocampus has been found to be critical for memory consolidation [42, 43] . Indeed, inhibiting BDNF signalling in the amygdala has been shown to impair the consolidation of fear conditioning and fear extinction [44] [45] [46] . Collectively, these findings suggest that the BDNF gene may play a crucial role in REM sleep-related memory retention.
A common Single Nucleotide Polymorphism (SNP) has been identified in the coding exon of the human BDNF gene at position 66 (Val66Met). BDNF Val66Met modulates human memory [47, 48] and hippocampal volume [49, 50 ; however see 51, 52] , and may exert these effects by influencing intracellular trafficking and activity-dependent secretion of BDNF [51] . It has been shown that BDNF Val66Met interacts with sleep to influence post-sleep learning ability in healthy participants [52] . Furthermore, BDNF Val66Met genotype status has been shown to interact with cortisol response to exercise in modulating emotional memory performance [53] . Similarly to the 5-HTTLPR, BDNF Val66Met has also been linked to emotional reactivity in the amygdala and hippocampus. Specifically, relative to Val allele homozygotes, carriers of the Met allele exhibit stronger activations in these structures in response to emotional stimuli [54] [55] [56] . However, to our knowledge, the effects of BDNF Val66Met on the overnight retention of emotional memories has not yet been studied in humans. Given that the BDNF gene is upregulated in the hippocampus during REM sleep [41] , a sleep stage associated with the selective consolidation of emotionally salient memories [17] [18] [19] , it is plausible that BDNF Val66Met may affect overnight emotional memory retention.
The current study aimed to investigate the respective influences of the 5-HTTLPR and BDNF Val66Met on recognition performance for positive, neutral and negative images before and after overnight sleep. Existing research implies that both the 5-HTTLPR and BDNF Val66Met may modulate the overnight retention of emotional memories; however, there is a lack of direct evidence to support this to date. We hypothesised that post-sleep recognition performance for emotional images would be greater than post-sleep recognition performance for neutral images. We also predicted that post-sleep recognition performance for negative images would be influenced by both 5-HTTLPR and BDNF Val66Met genotype status. Specifically, we thought that the 5-HTTLPR S allele, and the BDNF Val66Met Met allele, would be associated with greater post-sleep recognition performance for negative images relative to neutral images. Finally, we predicted that greater REM sleep duration would be associated with greater post-sleep recognition performance for negative images, and that this effect would also be modulated by 5-HTTLPR and BDNF Val66Met genotype status. Most existing research exploring the relationship between emotional memory and the 5-HTTLPR and BDNF Val66Met has focused exclusively on comparisons between memory for negative and neutral items. Accordingly, we refrained from making predictions about the influence of genotype on the overnight retention of positive memories.
Materials and methods

Participants
One hundred female student volunteers were genotyped for BDNF Val66Met, and two functional polymorphisms of the SLC6A4 gene -the 5-HTTLPR VNTR polymorphism and the rs25531 SNP. Participants were then grouped according to 5-HTTLPR genotype status (L'/L', L'/S', S'/S'). The rare, low expressing rs25531 SNP Lg alleles were classified as S', in congruence with previous studies [57] [58] [59] . In the 100 volunteers who were genotyped, S'/S' was the least frequent 5-HTTLPR genotype. As such, all S'/S' carriers were invited to take part in this study. Eleven 5-HTTLPR S'/S' carriers accepted our invitation and successfully completed the study. We then recruited at least 11 participants from the other two 5-HTTLPR genotype groups. The researcher who collected behavioural data was blind to the recruitment strategy and genotypic data. Using this sampling method, we recruited a total of 36 participants for this study (see Table 1 for participants' demographic data). The same 36 participants were used to examine both genotypes (i.e. 5-HTTLPR and BDNF Val66Met). We chose to exclusively test females to eliminate gender as a potential confounding factor [60] [61] [62] . We selected participants based on 5-HTTLPR genotype status, rather than BDNF Val66Met genotype status, because 5-HTTLPR S'/S' carriers were rarer than BDNF Met carriers in the sample that was genotyped (S'/S' = 20, Met carriers = 28). Accordingly, selecting participants per 5-HTTLPR genotype status, rather than BDNF Val66Met genotype status, increased the likelihood of recruiting a reasonable number of participants in each genotype group (i.e. 5-HTTLPR: L'/L', L'/S', S'/S'; BDNF: Val/Val, Met carriers).
Participants were required to have no history of sleep, neurological, endocrine or psychiatric disorders, as assessed through self-report, and were required to be free of long-term medication (except for the contraceptive pill). Participants were asked to abstain from alcohol, caffeine, and other drugs for 24 h prior to testing. Participants were paid £30 for their participation. Each participant gave informed consent for this study, which was approved by the School of Psychology Research Ethics Committee at the University of Lincoln.
Genotyping
Genetic material was collected from saliva samples using the Oragene® collection kit (OG-500; DNA Genotek Inc., Kanata, Canada). Participants were paid £10 for providing a saliva sample. DNA extraction from saliva samples was performed using Oragene® prepIT L2P (DNA Genotek Inc.; http://www.dnagenotek.com), per the manufacturer's protocol. Genotyping was performed blind to all phenotypic data. All DNA samples were successfully genotyped. Genotyping for triallelic classification was performed in accordance with previous research [63] , as described elsewhere [64] . Regarding BDNF Val66Met, participants were grouped as either Met carriers (i.e. Val/Met, Met/Met) or Val homozygotes (i.e. Val/Val) for data analysis, consistent with existing research [52, 65] . For details about 5-HTTLPR and BDNF Val66Met genotyping see Supplementary Material 1.
Stimuli
Four hundred and eighty images were selected from the International Affective Picture System (IAPS) [66] . IAPS images range from photographs depicting happy relationships and appetizing food, to everyday scenes, to images of injury, violence and famine, and each are rated on nine-point scales for emotional valence (1 = negative, 5 = neutral, 9 = positive) and arousal (1 = calm, 9 = exciting). Images were selected based on their valence and arousal ratings and placed into either a "positive", "neutral" or "negative" emotion category Selected images were divided into four equal sets of 120 (40 positive, 40 neutral, 40 negative), which were matched as closely as possible for IAPS valence and arousal ratings. During learning phases, participants viewed two of these four sets of images which served as the targets during subsequent recognition tests (see Section 2.5 for details about learning phases and recognition tests). During the immediate recognition test (see Section 2.4 for information about the study protocol) participants viewed one of the two sets of images that they viewed during the learning phase (targets) intermixed with one of the two remaining sets of 120 images (foils). During the delayed recognition test participants viewed the other one of the two sets of images that they viewed during the learning phase, intermixed with the other remaining set of foil images. The image sets used for encoding and recognition tests were counterbalanced across 5-HTTLPR genotype groups (i.e. each combination of image sets was viewed an equal number of times by each 5-HTTLPR genotype group), and each image set appeared an equal number of times in learning phases and recognition tests.
Experimental protocol
The experimental protocol is summarised in Fig. 1 . Participants arrived at the Lincoln Sleep and Cognition Laboratory at 8 PM. They were first asked to read an information sheet outlining the study procedure, and invited to ask any questions. This was followed by completion of a written consent form. Participants were then asked to complete the Beck Depression Inventory (BDI-II), a self-report questionnaire commonly used in cognitive research [67] [68] [69] to measure depressive symptom severity with high reliability and validity in both healthy and depressed samples [70] . Participants then completed the Pittsburgh Sleep Quality Index (PSQI), a self-report questionnaire commonly used in sleep research [71] [72] [73] to measure subjective sleep quality over the preceding month [74] .
The learning phase began at approximately 8.30 PM (see Section 2.5 for details about learning phases and recognition tests), and was immediately followed by completion of the Stanford Sleepiness Scale (SSS) [75] and a 5 min version of the Psychomotor Vigilance Task (PVT) [76] , as described earlier [77] . The SSS is a self-report questionnaire which measures subjective sleepiness on a scale from one (alert, wide awake) to seven (fighting sleep). The PVT measures reaction time to the presentation of a known stimulus, and is commonly used in sleep research as an objective measure of alertness [19, 78, 79] . The immediate recognition test started at approximately 9 PM, immediately after completion of the PVT, and lasted approximately 30 min. Participants were then given opportunity to prepare for bed, before electrodes and a patient unit were attached for full polysomnography (see Section 2.6.2 for details about polysomnography recording). Lights were turned out at 10.30 PM, and participants were awoken the following morning at 6.30 AM, providing a sleep opportunity of 8 h.
Once awoken, participants were given 30 min to recover from sleep inertia [13, 72, 80] , during which the electrodes and patient unit were detached. Participants were then asked to complete the SSS and PVT, immediately followed by the delayed recognition test. Finally, participants were given a debrief which included an explanation of the purpose of the experiment, and were invited to ask questions and give feedback. The study protocol was carried out blind to genotypic data.
Learning phases and recognition tests
The learning phases and recognition tests are summarised in Fig. 2 . The learning phase began with participants viewing a black screen with a white central fixation cross for 500 ms. The first image was then presented in the middle of the screen for 1000 ms (image size: 15 cm x 11 cm). Participants were then instructed to rate the image for emotional valence on a scale from one (very negative) to nine (very positive) using corresponding keys. After providing their valence rating, participants were instructed to rate the image for emotional arousal on a scale from one (low arousal) to nine (high arousal). Following submission of the participants' arousal rating, the black screen with the white central fixation cross reappeared, followed by the second image. This pattern continued until all 240 target images had been viewed and rated. Participants were instructed to provide their emotion ratings quickly and spontaneously, and were made aware that they would be tested on their ability to recognise the images before and after the overnight sleep interval.
The recognition tests followed the same structure as the learning phases. However, during the recognition tests, participants were required to make a remember/know/new judgement for each image using corresponding keys (i.e. R, K or N), before providing their emotion ratings. Participants were instructed to provide a remember (R) judgement if they could consciously recollect seeing that specific image during the learning phase. They were asked to provide a know (K) Fig. 1 . Pictorial representation of study protocol. All participants began a learning phase at 8.30 PM which was followed by an immediate recognition test. Electrodes were then attached for polysomnography (PSG) monitoring. Participants then slept for 8 h between 10.30 PM and 6.30 A M. They were then given 30 min to recover from sleep inertia, before completing a delayed recognition test. Abbreviations: REM, Rapid Eye Movement sleep; N1 -N3, stages of non-REM sleep. judgement if they felt that the image was familiar, but could not consciously recollect details about its previous occurrence. They were asked to provide a new (N) judgement if they felt that they had not seen the image during the learning phase. Remembering reflects recollection of the episodic details of an item. Conversely, knowing reflects familiarity in the absence of recollection [81] . These different types of memory are thought to be underpinned by separate neural processes [82, 83] . In this study, we were particularly interested in studying recollection (R), rather than familiarity (K; see Section 2.7.1 for more information). We instructed participants to provide their memory judgements as quickly and accurately as possible. Images were presented in a random order during the learning phase and the recognition tests. Emotion ratings and memory judgements were not subjected to time constraints.
Equipment
Experimental task
Stimulus presentation and data collection used custom-written scripts running in SuperLab 5 ™ (Cedrus Corp, San Pedro, CA) on a Toshiba Satellite laptop with a 15.6" screen. Participant responses were recorded using the laptop keyboard.
Polysomnography
Overnight sleep monitoring was carried out at the University of Lincoln Sleep and Cognition Laboratory using an Embla© N7000 polysomnography system. Silver-silver chloride (Ag-AgCl) electrodes were attached using EC2© electrode cream after the scalp was cleaned with NuPrep© exfoliating agent. Scalp electrodes were attached at six standard locations according to the international 10-20 system [84] : C3, C4, F3, F4, O1, and O2 -each referenced to the contralateral mastoid (A1 and A2). Left and right electrooculogram, left, right and upper chin electromyogram, and a ground electrode were also attached. In addition, the Patient Unit was attached to record physiological signals including movement and respiration. All electrodes were verified to have a connection impedance of < 5 000 Ω. All signals were digitally sampled at a rate of 200 Hz.
Data analysis 2.7.1. Behavioural data analysis
Although our experimental task provided an index of both recollection (R responses) and familiarity (K responses) recognition performance (see Fig. 2 ), we were particularly interested in recollection as this has previously shown emotion-specific sensitivity to sleep [85, 86] . Therefore, we made this the primary focus of our investigation. Data from recollection trials were first converted to d' scores (d' = Z (hits / hits + misses) -Z (false alarms / false alarms + correct rejections); extreme proportions of zero or one were replaced with values of "1 / (2 N)" and "1 -1 / (2 N)", respectively, where N equals the number of trials upon which the proportion is based [87] ), a signal detection process widely used in memory studies to account for response bias [88] . This was done separately for positive, neutral and negative image trials for each participant.
Our main analyses were two-way mixed measures ANOVAs, with image valence (positive, neutral, negative) and either 5-HTTLPR genotype group (S'/S', S'/L', L'/L') or BDNF Val66Met genotype group (Val/Val, Met carriers) as the independent variables, and immediate or delayed recognition performance as the dependent variable. Significant effects were explored using one-way ANOVAs and t-tests as appropriate. Interactions between 5-HTTLPR and BDNF Val66Met genotype groups were not examined due to the relatively small sample size in this study. We predicted that there would be a significant main effect of emotion on delayed recognition performance, but not immediate recognition performance, where emotional images would be better remembered than neutral images. We also expected there to be a significant interaction between image valence and both 5-HTTLPR and BDNF Val66Met genotype group on delayed recognition performance. We hypothesised that these interactions would be driven by greater recognition performance for negative images in 5-HTTLPR S' allele homozygotes, and BDNF Val66Met Met allele carriers.
Sleep data analysis
Each participant's sleep data was divided into 30 s epochs and independently scored by two trained sleep researchers (level of agreement: mean = 85.25%; SD = 7.81%) using REM Logic © 1.1 according to standardised criteria [89] . This gave the duration and proportion of each sleep stage (N1, N2, SWS, and REM), as well as measures of sleep efficiency and total sleep time. Additionally, REMs occurring during REM sleep phases were scored in order to calculate REM density and the total number of REMs. Each eye movement that was detectable above the background noise, exhibited a rapid time course, and appeared simultaneously on both right and left electrooculogram channels was counted, regardless of the amplitude of the eye movement [90] [91] [92] . REM density was calculated as the total number of REMs / REM sleep duration (mins).
Given that REM sleep is implicated in emotional memory consolidation [17] [18] [19] , we investigated the relationship between REM sleep duration and post-sleep recognition performance, separately for each emotion category, using planned parametric correlation. To examine Fig. 2 . Pictorial representation of the learning phase and recognition tests. During learning phases and recognition tests participants were required to rate each image on a scale from one to nine in terms of emotional valence (1 = very negative, 9 = very positive) and emotional arousal (1 = low arousal, 9 = high arousal). During recognition tests participants were additionally required to provide a memory rating to indicate whether they could recollect seeing the image before (R response), they thought the image was familiar (K response), or they thought the image was new (N response).
the influence of the 5-HTTLPR and BDNF Val66Met on this relationship, the analysis was performed separately for each genotype group (i.e. 5-HTTLPR: L'/L', L'/S', S'/S'; BDNF Val66Met: Val/Val, Met carriers). We predicted that greater REM sleep duration would be associated with greater post-sleep recognition performance for negative images, particularly in 5-HTTLPR S' allele homozygotes and BDNF Val66Met Met allele carriers.
Results
Participant demographics
The participants' demographic characteristics are shown in Table 1 . Observed 5-HTTLPR and BDNF Val66Met allele frequencies did not differ significantly from Hardy-Weinberg equilibrium in the wider pool of 100 participants who were genotyped for this study [5- To compare demographic characteristics between the three 5-HTTLPR genotype groups we conducted one-way between-subjects ANOVAs with BDI-II score, PSQI score, and age as the dependent variables. There was a marginally significant age difference between the 5-HTTLPR genotype groups [F(2, 33) = 2.61, p = .089, η p ² = 0.137], however, the mean age difference between the oldest and the youngest group was very modest (1.09 years; see Table 1 ). Importantly, there were no significant differences between the 5-HTTLPR genotype groups regarding BDI-II score [F(2, 33) = 1. 
Alertness
Psychomotor vigilance and subjective sleepiness was not influenced by 5-HTTLPR or BDNF Val66Met genotype status. For data and analyses, see Supplementary Material 2.
Sleep parameters
Sleep parameter data is available in Table 2 . We utilized one-way ANOVAs to compare all sleep parameters presented in Table 2 between the 5-HTTLPR genotype groups. The analyses revealed that none of these sleep parameters differed between the 5-HTTLPR genotype groups [all p ≥ .155]. Similarly, independent-samples t-tests showed that the sleep parameters were also comparable between the BDNF Val66Met genotype groups [all p ≥ .431].
Subjective ratings of valence and arousal
Subjective valence and arousal ratings collected during the learning phase were in accordance with the normative ratings from the IAPS from which they were sourced, and were not significantly influenced by 5-HTTLPR or BDNF Val66Met genotype status. For data and analyses, see Supplementary Material 3.
Recognition performance
Immediate recognition performance
Immediate recognition performance data is available in Fig. 3 . To examine the influence of 5-HTTLPR genotype group and image valence on immediate recognition performance we conducted a three 
Delayed recognition performance
Delayed recognition performance data is available in Fig. 4 . To examine the influence of 5-HTTLPR genotype group and image valence on sleep-related memory consolidation we conducted a three 
Sleep stage correlations
To examine the relationship between REM sleep duration and postsleep recognition performance (d'), and the influence of 5-HTTLPR and BDNF Val66Met on this relationship, we performed planned parametric correlations, separately for each genotype group and image valence. In 5-HTTLPR heterozygotes (L'/S'), longer REM sleep duration was associated with greater delayed recognition performance for negative images [r = .616, p = .019] (Fig. 5d) (Fig. 5a ), in Val homozygotes.
In sum, these findings suggest that REM sleep was associated with the retention of emotional images (positive and negative) in 5-HTTLPR L'/S' carriers. For BDNF Val66Met Met carriers, REM sleep may have selectively supported the retention of negative images, but not positive or neutral images. Conversely, the inverse was true of Val homozygotes.
Discussion
We investigated the influence of the 5-HTTLPR and BDNF Val66Met on recognition performance for positive, neutral and negative images before and after a night of sleep in female participants. We hypothesised that these polymorphisms would have emotion-specific effects on post-sleep recognition performance. In support of our hypothesis, our data revealed that recognition performance for emotional images was modulated by BDNF Val66Met following a night of sleep. Specifically, Met carriers were shown to exhibit greater recognition performance for both positive and negative images, relative to neutral images. These effects were not observed in Val homozygotes. Contrary to our hypothesis, we found no effects of the 5-HTTLPR on post-sleep recognition performance for emotional images.
A wealth of evidence demonstrates that emotional salience enhances memory [1, 2] . The benefit of emotion on remembering becomes more robust as the interval between learning and remembering increases [3] [4] [5] [6] [7] , suggesting that the emotional memory advantage is achieved by modulating consolidation processes. Sleep supports memory consolidation [9] [10] [11] [12] , and particularly favours the consolidation of emotional memories [8, [13] [14] [15] [16] .
Here, we similarly show that emotion enhances remembering. Specifically, negative images were remembered better than neutral images during the post-sleep recognition test across all participants (i.e. pooled across genotype groups). Recognition performance was not, however, influenced by emotion during the pre-sleep recognition test. These findings support the notion that emotion enhances memory by modulating slow consolidation processes, and may offer some support for a selective role of sleep in the retention of emotional memories. However, it is unknown whether this effect would be seen following a similar interval of wakefulness.
Previous studies have demonstrated an influence of BDNF Val66Met on human memory, where Met carriers exhibit memory impairments [47, 48] . Less well studied, however, is the effect of BDNF Val66Met on emotional memory. Nonetheless, an fMRI investigation examined the influence of BDNF Val66Met on hippocampal encoding activity and subsequent recognition performance for emotional and neutral words in healthy participants [54] . It was revealed that Met carriers exhibited greater hippocampal activity during the encoding of negative emotional words, relative to both Val homozygotes and neutral words. However, there was no influence of BDNF Val66Met on recognition performance for emotional or neutral words following a 10 min retention interval. The increase in hippocampal reactivity to negative emotional stimuli observed by Molendijk et al. [54] supports prior research in anxious and depressed adolescents, which showed that emotional facial expressions elicit greater activity in the anterior hippocampus and amygdala in Met carriers, relative to Val homozygotes [55] . Healthy Met carriers have also been shown to exhibit greater amygdala reactivity to unpleasant images than Val homozygotes [56] . Although the mechanism underlying increased amygdala reactivity to emotional stimuli in Met carriers is unclear, the Met allele has been shown to impair synaptic plasticity in the medial prefrontal cortex [93] , which may suppress top-down regulation of the amygdala [94] [95] [96] .
Studies demonstrating a modulatory role of BDNF Val66Met on activity in limbic regions associated with emotion and learning may help to explain the greater recognition performance for positive and negative images, relative to neutral images, exhibited by Met carriers in this study. Sleep-related memory consolidation is thought to be enhanced by amygdala and hippocampal activations during learning [25, 26] . For example, research in rats demonstrates that brief activations of the basolateral amygdala enhances memory for novel objects following a 24 h retention interval [97] , an effect which is dependent on interactions between the amygdala and the hippocampus [98] . Similarly, recent research in humans has shown that direct electrical amygdala stimulation during encoding enhances next-day recognition of emotionally neutral object images [99] . In these studies, amygdala activations did not influence memory during the immediate test phase, suggesting that amygdala and hippocampal activations benefit memory by enhancing consolidation processes. These findings may explain why recognition performance was greater for emotional images, relative to neutral images, in our Met carriers, whilst accounting for the lack of an effect of BDNF Val66Met on emotional memory during the immediate recognition test in this study, and during a 10 min recognition test in a previous study [54] . In sum, it is possible that amygdala reactivity to the emotional images could have been enhanced for the Met carriers in this study. This amplified activation of the amygdala during encoding could have primed subsequent consolidation processes during the overnight sleep interval. Hence, we see greater post-sleep recognition performance for emotionally salient images, relative to neutral images, in the Met carriers but not the Val homozygotes. Our results suggest that BDNF Val66Met may modulate the relationship between REM sleep and emotional memory consolidation. More specifically, we found that REM sleep duration correlated positively with post-sleep recognition performance for negative images in Met carriers, but not in Val homozygotes. Conversely, REM sleep duration was associated with greater post-sleep recognition performance for positive and neutral images, but not negative images, in Val homozygotes. This may suggest that the benefit of REM sleep on the retention of negative emotional memories is amplified by the Met allele, which could explain why post-sleep recognition performance for negative images, relative to neutral images, was greater in Met carriers but not Val homozygotes. However, it is important to note that Met carriers also exhibited greater post-sleep recognition performance for positive images, relative to neutral images, but REM sleep duration was not associated with post-sleep recognition performance for positive images in this genotype group.
Nonetheless, a study in rats showed that hippocampal BDNF expression levels increase during REM rebound sleep following sleep deprivation [41] . Furthermore, a study of two-way active-avoidance learning in rats showed that learning increased pontine-wave density during subsequent REM sleep, which correlated positively with BDNF protein levels in the dorsal hippocampus [100] . Given that REM sleep is reliably implicated in the consolidation of emotionally salient memories [17] [18] [19] , these studies may support a role for BDNF in REM sleeprelated emotional memory consolidation. However, further research is required to elucidate the specific influence of BDNF Val66Met in this context.
Contrary to our hypothesis, we did not detect any influence of the 5-HTTLPR on emotional memory performance. The 5-HTTLPR S allele has been associated with increased amygdala reactivity to emotionally salient stimuli [32] [33] [34] [35] , which is thought to enhance subsequent sleeprelated consolidation processes [25, 26] . Interestingly, however, metaanalyses highlight the controversy regarding the relationship between the 5-HTTLPR and amygdala function. For example, whilst some metaanalyses have been able to show a small 5-HTTLPR-amygdala association, they have also demonstrated statistical power issues in the majority of previous studies [35, 101] . Furthermore, an analysis of unpublished studies in addition to the 34 studies analysed by Murphy et al. [101] showed no significant 5-HTTLPR-amygdala relationship [102] , suggesting that the potential association may have been overstated due to publication bias. These findings suggest that the 5-HTTLPR may not modulate neural mechanisms underlying emotional memory processes, supporting the absence of an effect of 5-HTTLPR on recognition performance in this study. However, we cannot completely rule out the possibility that our negative findings regarding the 5-HTTLPR may also be due to the relatively small sample size used in this study.
Our correlational analyses did reveal that the relationship between REM sleep and post-sleep emotional memory performance was modulated by the 5-HTTLPR. Unexpectedly, greater REM sleep predicted greater retention of negative and positive images in L'/S' heterozygotes, but not L'/L' or S'/S' homozygotes. This finding may suggest an 'inverted-U' relationship between 5-HTT expression and REM sleep-related emotional memory retention. Given that the present study is, to our knowledge, the first to examine the influence of the 5-HTTLPR on REM sleep-related emotional memory retention, it is impossible to assess the validity of this interpretation. However, this result highlights the importance of analysing homozygote and heterozygote S allele carriers separately; in many studies, these groups are collapsed into a single 'S allele carrier' group. It is relevant to mention that a large proportion of the L'/S' genotype group was made up of BDNF Val66Met Met carriers (8 out of 14; see Section 3.1). Accordingly, it is possible that the relationship between REM sleep and post-sleep recognition performance of emotional images was driven by Met carriers. However, longer REM sleep duration predicted greater post-sleep recognition performance for negative images, but not positive images, in Met carriers. Therefore, it is unlikely that this explanation provides a full account of this observed effect.
Implications
BDNF Val66Met has been implicated in multiple neurological disorders, including schizophrenia, panic disorder, PTSD, and MDD [103] [104] [105] [106] . We will focus here on MDD, as our results may have important implications for understanding the mechanisms underlying the relationship between BDNF Val66Met and MDD. Several studies investigating the BDNF Val66Met-MDD relationship have demonstrated that the Met allele is associated with increased MDD risk [104, 107, 108] . However, other research has failed to show a relationship between BDNF Val66Met and vulnerability to MDD [109] , and one study has suggested that Val homozygotes are more susceptible to MDD than Met carriers [110] . Nonetheless, the Met allele has also been associated with increased depressive symptoms [111] , greater suicidal behaviour [112, 113] , and heightened chronicity of MDD [114] .
Although BDNF Val66Met is likely to modulate risk for affective disorders, the mechanisms underlying this association remain unclear. Our results suggest that BDNF Val66Met may modulate MDD risk by increasing the strength of emotional memory traces. Indeed, greater recognition performance for negative emotional stimuli has been observed in MDD patients [115] . Emotional memory biases such as these may play a causal role in the onset and maintenance of MDD [69, 116, 117] . In our study, Met carriers exhibited greater recognition performance for negative and positive images, rather than a specific bias for negative emotional memories. Nonetheless, it is conceivable that enhanced emotional memory, positive and negative, could be a risk factor for MDD, particularly for individuals who have experienced severe trauma. Intriguingly, general population studies have shown that childhood adversity such as childhood sexual and emotional abuse has a greater impact on depressive symptoms and lifetime depression risk in Met carriers than Val homozygotes [118, 119] . Our results suggest that the Met allele may increase the risk of developing MDD following childhood adversity by increasing the strength of memories associated with such adversities. Of course, further research is required to support this notion.
Limitations
One potential limitation of this study is the lack of a waking control group. Indeed, without a comparison to a wake condition it remains unclear whether the observed effects relate to sleep-related consolidation processes, or are simply time-dependent, and would have emerged over a similar interval of wakefulness. However, the significant positive correlations between REM sleep and post-sleep recognition performance for emotion-specific image categories (see Section 3.6) offers some reassurance that the effects of BDNF Val66Met on delayed recognition may be related to sleep-associated consolidation processes. Moreover, no valid control group is available to directly compare the effects of time and sleep. Indeed, results from an overnight sleep deprivation condition would be limited by severe sleepiness during the delayed recognition test. A daytime wakefulness condition would be limited by circadian effects on cognition and hippocampal BDNF expression [120] . Nonetheless, further research is required to differentiate the influences of sleep and time on BDNF Val66Met modulated emotional memory consolidation.
It is also important to reiterate here that the sample for this study was composed entirely of female participants. As noted in Section 2.1, we chose to recruit an exclusively female sample to eliminate gender as a potential confounding factor [60] [61] [62] . However, it is relevant to mention that the extent to which our findings can be generalized to males is unclear. Future research should examine whether the influence of BDNF Val66Met on the overnight retention of emotionally salient memories is gender-specific.
A further limitation of this study relates to differences in alertness between the immediate and delayed recognition tests (see Supplementary Material 2). Participants exhibited faster RTs during the PVT before the immediate recognition test, relative to the delayed recognition test. It is plausible that these differences in alertness could have influenced recognition performance. Importantly however, reaction time was not influenced by either 5-HTTLPR or BDNF Val66Met genotype group, meaning that the emotion-specific effects of BDNF Val66Met on recognition performance in the delayed recognition test was not influenced by between-group differences in alertness. Furthermore, it is unlikely that decreased alertness would have emotion-specific effects on recognition performance. Finally, scores on the SSS were comparable between the recognition tests, suggesting that participants did not feel less alert during the delayed recognition test, relative to the immediate recognition test. Nonetheless, future research may benefit from increasing the duration of the recovery interval between waking and the delayed recognition test.
Conclusion
Our study has shown that the Met allele of BDNF Val66Met increases recognition performance for emotionally positive and negative images, relative to neutral images, following an overnight sleep interval. Furthermore, we found that greater REM sleep duration predicted greater post-sleep recognition performance for negative images in Met carriers, but not in Val homozygotes. We did not observe any effect of the 5-HTTLPR on pre-or post-sleep recognition performance for positive, neutral or negative images. However, there was a positive correlation between REM sleep duration and post-sleep recognition performance for emotional images (positive and negative) in L'/S' carriers, but not in S'/S' or L'/L' homozygotes.
Our observation that the Met allele of the BDNF Val66Met was associated with increased overnight retention of emotional memories, relative to neutral memories, may have implications for our understanding of the BDNF Val66Met-MDD relationship. Specifically, the Met allele may increase vulnerability to MDD by increasing the strength of emotionally salient memory traces. Although further studies are required to test this prediction, it may elucidate the mechanisms underlying the influence of BDNF Val66Met on MDD vulnerability following childhood adversity.
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